Chemotaxis is the phenomenon by which the movement of cells is directed in response to an extra cellular chemical gradient. Over 100 years of research have illustrated the importance of chemotaxis in physio logical processes, such as the recruitment of inflammatory cells to sites of infection, and in organ development during embryogenesis. In cancer, chemotaxis pathways can be reprogrammed in favour of tumour cell dissemination 1 . To successfully metastasize, a carcinoma cell must invade, intravasate, extravasate and grow at a distant site. Chemotaxis is thought to be involved in each of these crucial steps of tumour cell dissemination. Chemotaxis of carcinoma cells and tumour-associated inflammatory and stromal cells is mediated by chemokines, chemokine receptors, growth factors and growth factor receptors (TABLE 1 and  Supplementary information S1 (table) ). Mutation and/or changes in the regulation of many of these factors are frequently involved in the development and progression of various types of cancer. Although most of these factors have roles in the growth and survival of tumour and stromal cells, their downstream signalling cascades can also lead to changes in cytoskeletal dynamics that result in chemotaxis. This suggests a potentially important and sometimes overlooked role of chemotaxis in cancer cell dissemination and metastatic progression. The development of new technologies and a burst of interdisciplinary collaboration in the study of chemotaxis in cancer have recently provided valuable insights into novel and specific mechanisms of invasion and dissemination and have ignited much hope for new prognostic tools and therapeutic interventions. In this Review, we discuss the role of chemo taxis in cancer cell dissemination and discuss whether chemotaxis is a viable marker for treatment decisions and a target for cancer therapy.
Chemotaxis and cell migration
Cell migration is an essential component of metastatic dissemination of tumour cells from the primary tumour to local and distant sites [2] [3] [4] . Although tumour cells can move both randomly and directionally, invasion, migration and dissemination are most efficient when the cell is involved in directed migration 5 . Different types of directed cell migration have been observed in tumour cells: chemotaxis, haptotaxis, electrotaxis and durotaxis 6 . The location and type of cue theoretically determines which of these types of directed cell migration is engaged. For example, directed migration towards a soluble chemotactic agent is traditionally called chemotaxis, migration towards a substrate-bound agent is called haptotaxis and migration that is influenced by an extracellular matrix (ECM) rigidity gradient is called durotaxis 7 .
Although the shape and amplitude of a soluble chemotactic gradient delivered experimentally in vitro can be defined with precision [8] [9] [10] [11] , current technology does not allow the distinction of chemotaxis in vivo towards soluble factors from chemotaxis towards factors partially or fully bound to the ECM and/or cell surfaces. For example, in vitro binding studies indicate that cytokines can become immobilized to form solid state gradients, which suggests that both soluble and solid state gradients might contribute to chemotaxis in vivo 12 . However, because it is not possible to know whether a gradient is soluble or solid state when observing cell behaviour in vivo, for the purposes of this Review, we define chemotaxis in vivo as directional migration to either soluble or solid state gradients.
Chemotaxis is the result of three separate steps: chemo sensing, polarization and locomotion 13 . Depending on the cell type and the microenvironment, migration can involve single unattached cells or multicellular groups (TABLE 2) . Directed migration of single tumour cells can be subdivided into either amoeboid migration or mesenchymal migration. Directed multicellular migration can be sub divided into either collective migration, in which the cells are in tight contact with each other (also known as cohort migration) or cell streaming, in which the coordinated cell migration involves cells that are not always in direct physical contact. The occurrence and frequency of these different modes of migration in cancer is dependent on the tumour type and the types of cells and surrounding factors in the tumour microenvironment 14, 15 (TABLE 2) .
Various methods have been used to study in detail the different modes of migration in cancer, including cultured cells in vitro 16 , three-dimensional cultures with cells embedded in reconstituted ECM gels [17] [18] [19] and intravital multiphoton microscopy of live animals 4, [20] [21] [22] (TABLE 3) .
Amoeboid migration of single tumour cells has been observed in tumours in vivo by intravital multiphoton imaging. Such studies have shown that some carcinoma cells with an amoeboid morphology can move at high speeds inside the tumours (~4 μm min -1 ) 4 . Amoeboid cell motility does not always require the activity of matrix metalloproteinases (MMPs) because cells can squeeze through gaps in the ECM by generating large amounts of contractile force 23, 24 . At the other end of the range of modes of motility, mesenchymal migration of single cells, which sometimes involves collective migration, is characterized by an elongated cell morphology with established cell polarity and relatively low speeds of cell migration (0.1-1 μm min -1 ) 15 . Tumour cells undergoing epithelial-to-mesenchymal transition (EMT), which is apparent in 10-40% of carcinomas 25 , can use mesenchymal migration 25 . Mesenchymal cell migration relies on proteolysis of ECM proteins to enable cells to move through the matrix-filled space of the tumour 26 . However, even though amoeboid and mesenchymal modes of migration can be readily separated when studied in vitro, evidence suggests that they are not mutually exclusive in vivo and can interconvert. In tumour cells, responses to changes in the microenvironment can induce rapid transitions between these modes of migration 27, 28 . For example, inhibition of proteolysis can promote the transition from mesenchymal to amoeboid migration in tumour cells 23 , whereas enhanced paracrine chemotaxis between tumour cells and stromal cells can cause amoeboid movement in cell streams 5 , suggesting that a combination of treatments that target both proteases and chemotaxis may be needed in the future in order to inhibit tumour cell migration and invasion 27 . Collective migration has been defined as the movement of whole clusters or sheets of tumour cells that occurs when two or more cells retain cell-cell junctions as they move together through the ECM 22 . In this mode of migration, leader cells positioned at the front of the migrating group actively participate in chemotaxis and matrix degradation to create tracks [29] [30] [31] [32] [33] [34] [35] . Cells positioned further away from the leader cells follow and this may be facilitated by physical coupling to the leader cells by drag forces and by movement along remodelled matrix tracks [29] [30] [31] [32] [33] [34] . The leader cell in the case of collective migration can be either a tumour cell with proteolytic activity or a stromal cell from the tumour microenvironment 17, [36] [37] [38] [39] [40] . For example, in in vitro organotypic models of squamous cell carcinoma (SCC), activated fibroblasts can create tracks in the ECM that enable carcinoma cells to move collectively behind them 17 . Additionally, it has been shown using Madin-Darby canine kidney (MDCK) cells that multiple rows of cells behind an epithelial wound edge extend lamellipodia to collectively drive cell sheet movement 41 . In this type of collective migration the cells positioned away from the edge seem to be participating in active migration and chemokine sensing. However, this type of migration has not been documented in tumours. In this regard, it should be noted that multicellular collective migration is a separate phenomenon from multicellular streaming. During streaming, individual cells move and follow each other in the same tracks without the requirement for cell-cell contact or intact junctions 5, [42] [43] [44] . In a similar way to collective migration, however, cell streaming often involves stromal cells that comigrate with the tumour cells, which may pathfind and/or create tracks by matrix degradation 5 . Even though tumour cells can display various and sometimes interchangeable patterns of directed migration during tumour cell dissemination, the intracellular
At a glance
• Chemotaxis is the phenomenon by which cell movement is directed in response to an extracellular chemical gradient. Factors that mediate chemotaxis are frequently mutated in cancer. Although most of the factors have dual roles in cell growth and survival, they also mediate cytoskeletal dynamics that results in chemotaxis, thus suggesting a potentially important role of chemotaxis in cancer.
• Tumour cells in vivo can move both randomly and directionally. However, invasion, migration and dissemination are most efficient when the cell is involved in directed migration. Different modes of directed migration have been described for tumour cells (amoeboid migration or mesenchymal migration for single cells and collective or streaming migration for groups of cells). The occurrence and frequency of these modes of migration in cancer is dependent on the type of cancer and the surrounding factors within the tumour microenvironment.
• Despite the various patterns of directed migration during tumour cell dissemination, the intracellular processes that direct the cell motility cycle in response to the chemoattractant are probably similar and are comprised of three steps: chemosensing, polarization and locomotion. First, polarized intracellular signals lead to asymmetric actin polymerization resulting in extension of the cell membrane in the direction of movement, thus creating the leading-edge protrusion. This is followed by integrin-mediated adhesion to the substrate on which the cell is moving, and then by detachment from the substrate and contraction of the trailing edge of the cell.
• In addition to cancer cells, directional migration to a chemokine source is observed in stromal cells, which frequently shape the tumour microenvironment to a more pro-metastatic state. A complex network of chemokines and growth factors is involved in the communication of tumour cells with stromal cells. This leads to several major events of cancer progression, such as immune evasion, angiogenesis, invasion and dissemination.
• Despite the strong experimental evidence for the involvement of chemotaxis signalling pathways in tumour cell dissemination, therapeutics under development are tested only for their ability to reduce the tumour size in patients with late-stage disease. A lack of relevant therapeutic end points in clinical practice, together with the current belief that dissemination occurs early in tumour progression, before clinical presentation, have brought scepticism to the development of anti-invasion and anti-dissemination drugs.
• We speculate that dissemination is not only a feasible but also a necessary therapeutic target if efficient long-term management of minimal residual disease is a goal in cancer treatment. The identification of therapeutic end points relevant to tumour cell dissemination will facilitate the development and appropriate use of therapeutics.
Cytokines
Small, secreted proteins produced by immune cells that are used in cellular communication.
Chemosensing
The process by which a cell senses the direction of a gradient source.
processes that direct the cell motility cycle towards a chemoattractant are probably similar. The motility cycle begins with polarized intracellular signals that lead to asymmetric actin polymerization. This results in extension of the cell membrane in the direction of movement, thus creating the leading-edge protrusion. This is followed by integrin-mediated adhesion to the substrate on which the cell is moving, and it ends with detachment from the substrate and contraction of the trailing edge of the cell 45, 46 . The following section discusses the mechanisms and the signalling pathways that govern these processes and that regulate chemotaxis in tumour cells in particular.
Mechanisms of chemotaxis in tumour cells
The regulation of chemotaxis has been studied extensively in Dictyostelium discoideum 13, [46] [47] [48] [49] [50] [51] [52] , mammalian leukocytes [53] [54] [55] and tumour cells 8, 13, [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . Chemotactic amoeboid migration involves a signal transduction system whereby a dynamic but unpolarized distribution of 
Polarization
The process by which a cell becomes polarized towards a sensed gradient source.
Locomotion
Migration towards a gradient source, which involves retraction of the back of the cell.
Amoeboid migration
Leading-edge protrusion of a rounded or ellipsoid cell, usually characterized by many protrusions, which result in a high turning frequency. The formation of a dominant protrusion is followed by the retraction of the trailing edge and the inhibition of randomly directed lateral pseudopod extensions.
receptors enables cells to detect chemical gradients 48, 49, 67 . On receptor activation a series of signalling events leads to an asymmetric cytoskeletal response followed by directed cell migration towards chemotactic cues 48, 49, 58 . Owing to its genetic tractability, D. discoideum has been used to identify about 18 chemokine receptors (members of the G protein-coupled receptor (GPCR) family) for about 50 different chemokines that control chemotaxis 48 . These prototypical studies in D. discoideum have influenced the investigation of GPCR signalling pathways controlling chemotaxis in other cell types, such as leukocytes 53 and tumour cells 47, 51, 68 . In addition, studies using D. discoideum as a model system led to the develop ment of the local excitation-global inhibition (LEGI) model to describe chemotactic amoeboid migration: receptor occupancy by the chemoattractant triggers a fast, local excitatory signal and a slower, global inhibitory signal 46 . The LEGI model, sometimes called the compass model 55 , has made an important contribution to the study of chemotaxis in tumour cells as it can be applied to various signalling pathways in tumour cells. In addition to the characterization of the LEGI model, there are other advantages of studying chemotaxis in D. discoideum (BOX 1) . However, careful comparison of D. discoideum to vertebrate cells reveals important differences in chemotactic signalling pathways. For example, unlike D. discoideum, amoeboid migration of breast tumour cells relies on phosphorylated cofilin signalling pathways, which are not present in D. discoideum 58, 59 . Thus, signalling regulation that may be important for chemotaxis of tumour cells or other cell types involved in tumour progression and metastasis cannot be fully studied using D. discoideum alone 48, 69, 70 . It is therefore important to study chemotaxis of tumour cells in physio logically relevant cell types and within the tumour microenvironment.
A complex network of chemokines has been described as one of the main classes of cues that initiate chemotaxis in tumour cells 71 . In addition to chemotaxis, the chemokine network can regulate processes such as tumour cell growth, angiogenesis, immune evasion, senescence, survival, invasion and metastatic progression [72] [73] [74] . Over 50 different chemokines and chemokine receptors are now known to be involved in cancer and 
Mesenchymal migration
The formation of a single or few actin-rich leading-edge protrusions, usually characterized by a low turning frequency, giving rise to a more polarized cell. Leading-edge protrusion is followed by adhesive interactions of the leading edge with the extracellular matrix, which triggers the contraction of the rear of the cell and finally cell displacement.
Collective migration
The movement of groups of cells with functionally intact cell-cell adhesions that coordinate multicellular leading-edge protrusions and trailing-edge retraction. This type of cell movement usually occurs at very low velocities (~0.1 μm min -1 ).
approximately 30% of these are also important for chemotaxis (TABLE 1) . One of the most widely studied examples is the chemokine receptor CXCR4 and its ligand CXCL12 (also known as SDF1), which have been found to initiate both single cell and multicellular directed migration during metastatic progression in 11 different types of cancer [75] [76] [77] . Another major category of cues that has been shown to have an important role in chemotaxis is growth factors. One of the most studied growth factors involved in tumour cell chemotaxis, particularly in breast cancer, is epidermal growth factor (EGF). Signalling through either a chemokine receptor (a GPCR) or a growth factor receptor (a receptor tyrosine kinase (RTK)) will result in the initial protrusion required to set the directional compass and to define the direction of cell migration during chemotaxis 56, 78 and invasion 57 . Two types of protrusions have been implicated in chemotaxis of tumour cells: leading-edge protrusion 37, 56 and invasive protrusions such as invadopodia and podosomes 54, 57 . Invadopodia and podosomes form in response to chemotactic cytokines such as EGF and colony-stimulating factor 1 (CSF1; also known as MCSF) 54, 79 . In two-dimensional cell culture, invadopodia and podosomes are found on the ventral surface of migrating tumour cells and macrophages, respectively, and are required for chemotaxis 54, 57 . However, when these cells migrate in three-dimensional cultures, invadopodia and podosomes are found at the front of the cell, where they are associated with matrix degradation during locomotion 37, 80 . Therefore, the dissection of mechanisms controlling cell protrusion, both at the leading edge and within invadopodia, is essential to understand chemotaxis and the subsequent invasion of tumour cells. The integration of the motility machinery in both of these protrusions with environmental cues that result in chemotaxis is currently under intense investigation.
Molecular pathways of chemotaxis.
It is well established that the regulation of actin polymerization during tumour cell migration and invasion is controlled by RHO GTPases 81 . Initiation of chemotaxis occurs on binding of growth factors to GPCRs or RTKs, or adhesion of integrins to the ECM, which leads to changes in the localization or activation of guanine nucleotide exchange factors (GEFs) that in turn activate RHO GTPases 81 . During cell protrusion, actin polymerization within the leading-edge protrusion is under the control of the specific RHO GTPases RAC1, RAC2 and RHOA (and possibly RHOC), whereas actin polymerization within the invadopodium is under the control of RHOC 82 . Various steering mechanisms have been proposed and studies in tumour cells suggest that cofilin severs filamentous actin (F-actin) to initiate the molecular compass for directing actin polymerization within leading-edge protrusions 16 • Cells are embedded in a matrix (which is a better mimic of the stromal microenvironment) • When tumour cells are combined with other cell types, the structure of an organ can be mimicked
• Partial representation of the tumour microenvironment • Only mimics static or short-term conditions
In vivo methods
An accurate representation of the tumour microenvironment • Requires special training and equipment • The interpretation of results is complicated by the presence of multiple cell types
In vivo invasion assay Migration in response to chemoattractants in vivo can be determined
Intravital imaging
• Physiological cell movement can rapidly be visualized • An opportunity to observe tumour cells progress through steps of dissemination in real time Expensive 2D, two-dimensional; 3D, three-dimensional. *2D chemotaxis assays include the pipette-following assay, the Dunn chamber, the Zigmond chamber and the Soon chamber. and invadopodia. Directing actin polymerization to these specific locations promotes tumour cell motility and invasion during single cell migration 56, 78, 79, 83 , and aids pathfinding cells during collective migration 84 . During tumour cell chemotaxis, all pathways that control actin polymerization are spatially and temporally coordinated 85 . These include activation of cofilin and activation of the neural Wiskott-Aldrich syndrome protein (NWASP)-WASP family verprolin homologous protein (WAVE)-actin-related protein 2 (ARP2)-ARP3 pathway. In tumour cells, the cofilin-dependent actin polymerization that is required for leading-edge protrusion and invadopodium assembly is regulated by phospholipase Cγ1 (PLCγ1) 86 and RHOC 82 (FIG. 1a) .
Cell streaming
Following initial cofilin-dependent protrusion, RAC1 leads to the formation of a WAVE2-insulin receptor substrate p53 (IRSP53; also known as BAIAP2)-ABL-interactor 1 (ABI1) complex, which activates the ARP2-ARP3 complex 87 . As a result, the ARP2-ARP3 complex nucleates actin filaments from the sides of cofilin-generated filaments in both lamellipodia and invadopodia 83, 88, 89 (FIG. 1a) . In addition, coordinated regulation between the WASP family and the formin mammalian diaphanous homologue 1 (MDIA1; also known as DIAPH1) shifts the balance of actin polymerization from the body to the tip of the leading-edge protrusion in tumour cells 83 . In the absence of RAC1-and RAC2-mediated lamellipodial protrusion, MDIA1 is activated by RHOA and promotes lamellar protrusions 83 . Cortactin (CTTN) regulation of cofilin and NWASP is important in the control of the stages of invadopodium assembly and maturation 79, 90, 91 . The intricate regulation of these mechanisms is essential for the proper control of the direction of protrusion and thus chemotaxis in tumour cells.
The LEGI model 46 has been used successfully to describe the spatial regulation of cofilin as part of the cofilin activity cycle in different subcellular compartments within tumour cells 79 . This localized activity is responsible for the asymmetric actin polymerization observed within leading-edge protrusions and invadopodia. In the tumour cell LEGI model, local activation of cofilin and global inhibition of cofilin activity by LIM domain kinase 1 (LIMK1) focuses the cofilindependent actin polymerization activity in leadingedge protrusions and in invadopodia 58, 79, 82 (FIG. 1b) .
Different starting points in a single common activity cycle control the mechanisms required for initiation of local excitation and global inhibition 59 . For example, in an unstimulated tumour cell, cofilin is bound to either phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) at the plasma membrane, or CTTN at the future site of the invadopodium. The cofilin activity cycle in tumour cells begins in lamellipodia with the local activation of cofilin by PLCγ1-dependent hydrolysis of PI(4,5)P 2 and in invadopodia with the SRC-initiated Abelson-related gene (ARG; also known as ABL2) kinase-dependent tyrosine phosphorylation of CTTN 79, 86, 89 (FIG. 1a) .
In an EGF-stimulated tumour cell, dephosphorylation of cofilin by RAC2 is necessary to sustain but not to initiate the cofilin activity cycle 79, 86 . However, the initiation of neutrophil motility by N-formylmethionyl-leucylphenylalanine (fMLP) involves the dephosphorylation of cofilin, thereby initiating the cofilin activity cycle at a different starting point from that seen in tumour cells (reviewed in REF. 59) (FIG. 1a) .
Steps of chemotaxis. The LEGI model, in which a cell can reorient itself accurately in a chemotactic gradient, is one version of a 'chemotactic compass model' .
Box 1 | Dictyostelium discoideum: a model organism for the study of chemotaxis
Dictyostelium discoideum depends on efficient motility during its developmental cycle and its vegetative amoeboid stage 52 and provides a model for the study of chemotaxis in the absence of the complexity imposed by the in vivo microenvironment of animals [152] [153] [154] . One of its main benefits is that when grown in culture these cells exist as homogenous chemotactic phagocytes 48, 49 , which can be grown in high-density suspension cultures to generate kilogram quantities of proteins for biochemical analysis 155 . In a population, physiological responses to chemotactic stimulation are synchronous and can be correlated with biochemical measurements 156, 157 . Also, D. discoideum is induced by physiological stimuli to undergo normal morphogenesis in vitro, which enables the role of chemotaxis in morphogenesis to be studied directly 158 . Recent studies have identified target of rapamycin complex 2 (TORC2) as a common regulator of cell motility in D. discoideum and neutrophils [159] [160] [161] . Whereas the function of TORC2 differs in D. discoideum versus neutrophils in the regulation of actin polymerization, TORC2 has key regulatory functions for controlling cell motility in both cell types 160, 161 . However, differences between D. discoideum and mammalian tumour cells have complicated the correlation of findings concerning chemotactic signalling and the understanding of chemotactic behaviour 48, 53, 162 . For example, there are several redundant signalling pathways controlling chemotaxis in D. discoideum 47 : one is dependent on PI3K and the other is dependent on phospholipase A2 (PLA2) 69, 163, 164 . Therefore, knockdown of the PI3K pathway in D. discoideum results in the incomplete inhibition of chemotaxis 93, [165] [166] [167] [168] [169] , whereas knockdown of the PI3K pathway in mammalian tumour cells substantially impairs locomotion, an essential step in chemotaxis 170 . Additionally, in tumour cells, the early signal that determines the direction of the leading edge is not PI3K, but involves the epidermal growth factor (EGF)-phospholipase Cγ1-cofilin signalling axis 59, 171 . D. discoideum also does not express LIM domain kinase 1 (LIMK1), a protein that is required as part of the local excitation-global inhibition (LEGI) system that controls this early signalling cascade to initiate directional sensing during the chemotaxis of tumour cells 56 . In addition, D. discoideum exhibits single cell amoeboid chemotaxis and multicellular coordinated cell streaming 43, 44 , as well as multicellular collective migration at the slug stage 48, 172 , but has not yet been shown to exhibit single cell mesenchymal migration. Finally, D. discoideum exhibits a default constitutive oscillatory movement pattern in the absence of external signalling molecules 172, 173 , whereas tumour cells require repeated stimuli by specific signalling molecules in order to undergo directed cell migration 56 . Nature Reviews | Cancer In addition to tumour cells, compass models have been described for other cell types such as neutrophils 55 and D. discoideum 49 . A compass model for chemotactic sensing is consistent with photo-activation experiments, in which activation of either cofilin 78 or RAC 92 at the cell edge is sufficient to induce local actin polymerization and new pseudopod extension, which defines a new cell front. Because both the cofilin and RAC pathways figure) and invadopodium (right side of the figure) are shown. The plasma membrane at the leading-edge protrusion is enriched with phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ), and the loss of binding of cofilin to PI(4,5)P 2 is the primary mechanism that is used to initiate cofilin activity at the leading edge. In invadopodia, the loss of binding of cofilin to cortactin (CTTN) is the primary mechanism used to initiate cofilin activity. New actin filaments resulting from cofilin activity support dendritic nucleation (the formation of actin branches) from the actin-related protein 2 (ARP2)-ARP3 complex, which is a common feature of both lamellipodia and invadopodia. b | The local excitation-global inhibition (LEGI) model of chemotaxis as applied to the cofilin activity cycle. Asymmetric actin polymerization (green shading) results when the asymmetric activation of cofilin (green line, which follows the concentration gradient of epidermal growth factor (EGF)) is further focused by global activation of LIM domain kinase 1 (LIMK1) (red line). LIMK1 inhibits cofilin activity globally but not fully on the side of the cell facing the chemotactic signal. The cell shown above the graph represents an example of the LEGI model, whereby a tumour cell protrudes towards a gradient of EGF that is secreted by a macrophage. As a result of this stimulation there is local asymmetric excitation of cofilin, which leads to asymmetric actin polymerization in the leading-edge protrusion (green shading), and global activation of LIMK1 within the whole cell, which results in locomotion in the direction of the arrow. ABI1, ABL-interactor 1; ARG, Abelson-related gene; DAG, diacylglycerol; GEF, guanine nucleotide exchange factor; IRSP53, insulin receptor substrate p53; MDIA1, mammalian diaphanous homologue 1; MENA, mammalian enabled homologue (also known as ENAH); NCK1, NCK adaptor protein 1; NWASP, neural Wiskott-Aldrich syndrome protein; PLCγ1, phospholipase Cγ1; ROCK, RHO-associated coiled-coil-containing protein kinase; RTK, receptor tyrosine kinase; SSH, slingshot homologue; TKS5, tyrosine kinase substrate with five SH3 domains; WAVE2, WASP family verprolin homologous protein 2.
Tolerogenic response
An acquired specific failure of the immune system to respond to a given antigen. In the case of cancer, the tumour cells secrete factors that manipulate the immune system into inhibiting cytotoxic activities. converge on ARP2-ARP3 complex-dependent actin polymerization (FIG. 1a) , their activation seems to be sufficient to generate the local break in symmetry of actin polymerization that is required for a change in cell direction as defined by the protrusion.
T helper 2 (T H 2). T cells that help B cells
Another model of chemosensing is the random protrusion model 93 , which proposes that pseudopods arise only from pre-existing pseudopods, thus defining a narrow range of physical locations where pseudopods can form. This model states that cells do not reorient themselves by generating protrusions up the gradient, and that actin polymerization in pseudopods is regulated intrinsically, independent from external chemo tactic gradients. The applicability of this model to tumour cells is unclear for several reasons. First, if the position of the source of a gradient is moved from the cell front to the cell rear, tumour cells can convert the rear (with no pre-existing pseudopods) into a cell front with pseudopods 94 . According to the random protrusion model, the cell would have to make a U-turn while maintaining the same cell front, which is not observed. Second, migratory tumour cells from mammary tumours have elevated sensitivity to EGF such that pseudopods are directed precisely up an EGF gradient 5, 8 . Finally, the location of actin polymerization in mammalian cells is defined by external signals that, by breaking symmetry in the actin cytoskeleton, can cause pseudopod extension up a gradient 56 or towards photo-activated cofilin or RAC 78, 92 . Further work will be required to investigate the relevance of the random protrusion model to the chemotaxis of tumour cells in particular.
The second step of chemotaxis, cell polarization, involves the development of stable cell polarity, with a front and back, where the cell front is positioned towards the source of chemoattractant. Myosin I has been implicated in the suppression of lateral pseudopod extension in D. discoideum to maintain cell polarity during locomotion in a chemotactic gradient 95 . In addition, in neutrophils and D. discoideum, evidence indicates that PI3K regulates the acquisition of stable cell polarity by defining actin filament stability and myosin II contractility 49, 55, 92 . The third step in chemotaxis involves retraction of the rear of the cell (the 'tail') leading to cell locomotion. This step involves myosin II-mediated contraction at the tail 50 and the polarized release of cell adhesions at the tail 96 . The synchronization of these three steps, chemosensing, polarization and tail retraction/locomotion, results in chemotaxis. Further work is required to determine how these steps are choreographed in tumour cells.
Many studies in tumour cells have identified specific adaptor proteins that associate with chemokine and growth factor receptors in order to tune the scale of the biological response to environmental cues. For example, the enabled (ENA)-vasodilator-stimulated phosphoprotein (VASP) family of proteins has been implicated in the control of cell motility during cancer progression 97, 98 . In particular, an alternatively spliced isoform of mammalian ENA homologue (MENA; also known as ENAH), termed MENA INV , was found to antagonize capping proteins (FIG. 1a) and to potentiate EGF-induced carcinoma cell invasion, chemotaxis and metastasis. This was shown to occur through sensitization of the EGF receptor (EGFR), allowing the tumour cell to respond to very low concentrations of EGF 5, 97 and to detect very shallow gradients 8 . Moreover, MENA INV was overexpressed specifically in the invasive tumour cells of rat, mouse and human primary breast tumours that were isolated in vivo by chemotaxis from tumours 99 . It is important to continue to identify modulators of regulatory processes involved in the chemotaxis of cancer cells to determine whether there are additional molecules that, like MENA INV , serve as master regulators of this process, and thus can influence chemotaxis by sensitizing cells to detecting shallow gradients.
Chemotaxis and the tumour microenvironment
Chemotaxis not only affects tumour cells but also helps to shape the tumour microenvironment. Directional migration to a chemokine source is evident both in vitro and in vivo for most of the cells of the tumour microenvironment. Epithelial cells produce multiple factors that recruit various tumour-infiltrating cells, including tumour-associated macrophages (TAMs), tumour-associated neutrophils (TANs), lymphocytes, cancer-associated fibroblasts (CAFs), mesenchymal stem cells (MSCs) and endothelial cells (FIG. 2) . These tumour-infiltrating cells also produce a series of chemokines and growth factors that lead to a complex network of communication within the tumour microenvironment (FIG. 2; TABLE 1 ). Several major events are affected by chemotaxis in the context of the tumour microenvironment: immune evasion, angiogenesis, invasion and dissemination. (FIG. 2a) . Additionally, CCL2 and CCL5 are major attractants of monocyte precursor cells in tumours and, when accumulated, these cells play an important part in tumour non-responsiveness by suppressing antigen-specific T cell responses 101 . Inside the tumour and under the influence of tumour-derived chemokines, both macrophages and neutrophils can polarize away from a tumour-suppressing phenotype (M1 and N1, respectively) towards a more tumourpromoting phenotype (M2 or N2, respectively) 102, 103 . Tumour-promoting macrophages and neutrophils then release immunosuppressive cytokines, such as interleukin-10 (IL-10), transforming growth factor-β (TGFβ) and various other chemokines such as CCL2, CCL4, CCL17, CCL22 and CXCL12. These chemokines, as well as producing large amounts of arginase, serve to inactivate T cell effector functions and contribute further towards a T helper 2 (T H 2)-polarized immunity 71, 102, 104 . In patients, the presence of both TAMs and TANs has been correlated with poor prognosis in many cancer types 102, 105, 106 . In addition, myeloid-derived suppressor cells (MDSCs), a heterogeneous collection of immature myeloid cells that may share common progenitors with macrophages, also migrate into tumours in response to the pro-inflammatory S100 calcium binding proteins and prostaglandin E2 (REFS 107-109). MDSCs suppress the adaptive immune response by further blocking the functions of CD4 + and CD8 + T cells. Finally, dendritic cells are recruited by CCL5, CXCL12 and CCL19 to the tumour, where they suppress tumourspecific immune responses 110 . In conclusion, a complex network of deregulated chemokines and other factors that are produced by tumour cells drive chemotaxis of immune cells into the tumour and subsequently manipulate the immune microenvironment from its normal tumour-suppressing functions to an abnormal dissemination-promoting function.
Angiogenesis.
Angiogenesis not only facilitates tumour growth by supplying nutrients and oxygen to the tumour but is also a prerequisite for tumour cell dissemination and metastasis. Blood vessel density is correlated with a higher incidence of metastasis and a more rapid recurrence of disease 111 . Angiogenesis is the process whereby microvascular endothelial cells proliferate and sprout from pre-existing microvasculature towards the tumour. Directional migration of endothelial cells is a key process for their mobilization towards tumour cells, for which many chemoattractants have been characterized.
First, tumour cells produce chemokines that act directly on endothelial cells. Endothelial cells express the chemokine receptors CXCR2, CXCR3, CXCR4 and CXCR7 and multiple ligands to these receptors are produced by tumour cells and can induce endothelial cell chemotaxis 74 (FIG. 2b) . For example, the angiogenic potential of CCL11, a ligand for CXCR3, has been shown by various assays, including by standard chemotaxis assays in which migration of human microvascular endothelial cells was induced in vitro and in which vascularization was induced in vivo 112 . Additionally, CXCL1, CXCL2 and CXCL8 (also known as IL-8) have also been shown to have important roles in angiogenesis 113 , acting mainly by promoting chemo taxis of the CXCR2-expressing endothelial cells. In addition, CXCL12 is important in triggering endothelial cell migration and proliferation by binding to CXCR4 on the endothelial cell surface and can act synergistically with vascular endothelial growth Grey arrows indicate the gradient direction of chemotactic factors: from the cell that secretes to the cell that responds to the factor. Black arrows indicate the direction of cell migration. The dashed grey line indicates matrix fibres along which cells migrate. CSF1, colony-stimulating factor 1; CSF1R, CSF1 receptor; EGF, epidermal growth factor; EGFR, EGF receptor; PDGF, platelet-derived growth factor; TGFβ, transforming growth factor-β; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor.
Tissue tropism
An affinity of cells or microorganisms for specific host tissues. In cancer it refers to the selectivity of metastasis formation in specific organs.
Relay chemotaxis
The asymmetric propagation of a chemotactic signal, resulting in collective and streaming migration.
factor (VEGF) to enhance the number of newly formed vessels 114 . CXCL12 can further act as a pro-angiogenic factor by recruiting CXCR4-expressing bone marrowderived endothelial precursor cells (EPCs) to the tumour site, where they can differentiate into tumour-associated vascular endothelial cells and can actively incorporate into the newly formed vessels 115 . In addition, bone marrow-derived EPCs express CCR2 and CCR5 and therefore can also be attracted to the tumour site by the CCL2-, CCL3-and CCL5-producing tumour-associated endothelial cells 74 . Furthermore, tumour cells can secrete chemoattractants that can indirectly affect tumour angiogenesis by regulating the immune infiltrate of the tumour (FIG. 2b) .
Myeloid monocytic cells such as TAMs, MDSCs and dendritic cells are recruited to the tumour site mainly by CCL2, and can produce many angiogenic factors such as VEGF, platelet-derived growth factor (PDGF), TGFβ and CXCL8 (REFS 108, 110) . MDSCs and monocytes might also directly promote angiogenesis by acquiring characteristics of endothelial cells and participating in the formation of new vessel architecture 116 . Finally, CXCL8 plays a part in angiogenesis through the recruitment of neutrophils 105 , which drive VEGF activation through MMP9 secretion 117 . Overall, chemotaxis is a crucial process for angiogenesis in tumours, either directly by attracting endothelial cells to sprout and form new vessels towards tumour cells or indirectly by manipulating the immune infiltrate to assume this angiogenesis-promoting role.
Invasion and dissemination.
Both invasion within the primary tumour and dissemination to distant sites require chemotaxis. The most common chemokine receptor detected on cancer cells is CXCR4, with 23 different types of cancers showing expression of this receptor on the tumour cells 74 . CCR7 is another chemokine receptor frequently expressed in tumour cells. In standard chemotaxis assays in vitro, CXCR4-positive cancer cells can migrate in a directional manner towards CXCL12, whereas CCR7-expressing cancer cells can migrate towards CCL21 (FIG. 2c) . Activating these receptors in breast cancer cells mediates actin polymerization and leading-edge protrusion, which contributes to a chemotactic and invasive response 73 . In the tumour micro environment, CAFs that have either a fibroblastic or MSC origin 118 can be a source of CXCL12 and can thus promote the directional migration of tumour cells towards blood vessels or the invasive edge of the tumour 115 . CAFs can also produce substantial levels of CXCL1, CXCL2, CXCL3 and CXCL8, which can act as chemoattractants for various tumour cells 74 . Early work suggested that chemokine gradients could explain the tissue tropism observed in the metastasis of certain types of cancer. This model suggests that organs with high expression levels of specific chemokines can guide tumour cells expressing the corresponding receptor to that site as a result of locally induced chemotaxis and invasion 73, 74 . This has been shown for the binding pairs CXCR4-CXCL12 in bone metastasis of breast and prostate tumours, CCL21-CCR7 and CCL19-CCR7 in lymph node metastasis of various solid and haematopoietic tumours and CCL27-CCR10 in skin metastasis of melanoma 74, 119, 120 . Another potential explanation could be that the arrival of tumour cells in a specific organ is passive, at least for haematogenous metastases, and that the site of dissemination simply reflects the first pass of the cells in the circulation and their entrapment in local capillaries 121 . In this model, chemokine receptor expression can give tissue specificity not in terms of active recruitment to a specific metastatic site but in terms of the receptor-expressing cells having an advantage to survive and grow in the new ligand-rich metastatic microenvironment, because many of these chemotactic factors serve dual roles as cell growth and survival signals (discussed further in REF. 108 ).
In addition to CAFs, interactions with other cells within the tumour stroma can have a major influence on the migration behaviour of tumour cells in vivo. TAMs have been implicated in tumour cell invasion and metastasis in experimental models of breast cancer 122 . In polyoma middle T antigen (PyMT) transgenic mouse mammary tumours, TAMs comigrate with tumour cells in a paracrine loop-dependent manner in which EGF that is produced by TAMs increases the migration of EGFR-expressing breast cancer cells. In response, cancer cells secrete CSF1, which attracts CSF1 receptor (CSF1R)-expressing TAMs 123 (FIG. 2c) .
In patients with breast cancer, >50% of breast tumours have concomitant expression of CSF1 and CSF1R by tumour cells 124 , raising the potential for autocrine signalling. Indeed, in mammary tumours derived from MDA-MB-231 cells, TGFβ-dependent expression of CSF1R in the tumour cells in vivo supports both paracrine interactions with TAMs and autocrine CSF1-CSF1R signalling. Both pathways are essential for in vivo relay chemotaxis, migration and invasion of these tumour cells 125 . In addition to EGF and CSF1, other chemoattractants in the tumour microenvironment, such as CXCL12 and heregulin (also known as NRG1), trigger chemotaxis of tumour cells in transgenic and xenograft models of breast cancer 126 . Interestingly, migration to both CXCL12 and heregulin requires macrophages and the EGF-CSF1 paracrine interaction with tumour cells, suggesting that this tumour cell-macrophage interaction is a 'central engine' that drives the invasion and migration of breast cancer cells 126 . CXCL12 can also be produced by pericytes and tumour cells, suggesting that a very complex network of chemotactic gradients from multiple cell types governs directional migration and invasion of tumour cells (FIG. 2c) .
Intravasation is a major route of tumour cell dissemination from solid tumours. Intravasation has been directly observed using multiphoton imaging and fate mapping of breast tumours 5, 20, 127, 128 (FIG. 3) . In breast tumours, highresolution multiphoton imaging in vivo has shown that migration and intravasation are both dependent on the EGF-CSF1 macrophage-tumour cell paracrine loop 123, 127 , which leads to relay chemotaxis and in turn leads to multicellular streaming migration towards blood vessels and subsequent intravasation 5, 19, 20, 123, 127 (FIG. 3) . Another model has been proposed for the CCR7-dependent chemotaxis The autologous model for chemotaxis assumes a continuous fluid flow from blood vessels to lymphatics to establish a gradient of chemoattractant towards lymphatics. This would cause tumour cell chemotaxis towards lymphatics and away from blood vessels. The extent to which this phenomenon occurs in different tumour types in live tissues has not been studied. Although this model could help to explain lymphatic dissemination, it cannot explain the commonly observed active migration of breast tumour cells towards blood vessels.
In vivo studies of chemotaxis have shown that tumour cells can respond to shallow gradients generated from various devices designed to deliver known amounts of EGF and other chemoattractants 5, 8, 123, 125, 126 . In these experiments, tumour cells respond to a <2% EGF gradient across the cell diameter, demonstrating their ability to chemotax in extremely shallow concentration gradients. This is particularly interesting in the context of tumour cell invasion and dissemination in vivo, because migratory breast tumour cells express a unique MENA isoform profile: MENA INV upregulated and MENA11A downregulated 99 , which dramatically increases the sensitivity of EGFR to EGF by 25-50-fold 5, 97 . Furthermore, MENA INV is essential for transendothelial migration during intravasation 5, 129 . All of these effects seem to result from the ability of MENA INV to sensitize tumour cells to EGF, which amplifies the paracrine interaction with macrophages and results in increased multicellular streaming migration and intravasation in vivo 5 (FIG. 3) . Importantly, Robinson et al. 130 have recently reported that microanatomical structures, which resemble the sites of intravasation observed in mouse mammary tumours by intravital multiphoton imaging, are found in paraffin-embedded tumour tissue from breast cancer patients. These structures, called tumour microenvironment of metastasis (TMEM), contain invasive tumour cells marked by MENA overexpression and perivascular macrophages that are in direct contact with endothelial cells, as observed at sites of intravasation in mouse mammary tumours 127 (FIG. 4) .
The presence of TMEM is significantly correlated with the development of distant organ metastasis in patients with breast cancer 130 . Recently, it was shown that the presence of TMEM is strongly correlated with MENA INV expression in non-cohesive human breast tumour cells obtained by fine needle aspiration from breast tumours 131 , supporting the hypothesis that tumour cell-macrophage streams that form in response to MENA INV are involved in TMEM assembly. These findings highlight the clinical relevance of paracrine chemotaxis in tumour cell dissemination.
Conclusions and perspectives
Given the importance of chemotaxis in cancer, the development of therapeutics targeting chemotaxis is an obvious goal for the cancer research community. The recent development of autonomous chemotaxis devices that can be implanted in tumours to evaluate chemotactic events in vivo will help to define more precisely the importance of specific chemotactic signals in tumour cell migration 8 . In addition, various compounds are being developed to target many of the factors discussed above and some of (table) ). For example, multiple compounds have been developed for the ERBB family of receptors, either as monoclonal antibodies against extracellular domains or as specific tyrosine kinase inhibitors (TKIs) targeting intracellular signalling. As far as chemokines and their receptors are concerned, several therapeutics are currently under investigation in multiple clinical trials. Most of these compounds target CXCR4 as it was one of the first chemokine receptors found to be overexpressed in many types of cancer 74, 132 . In addition to receptors and their ligands, compounds targeting downstream effectors of these chemotactic pathways, such as mTOR, PI3K, SRC, MET and MEK, are currently undergoing preclinical and clinical Phase I/II evaluation 133 . Expression profiling of invasive and metastatic cells from mouse models has identified additional factors that regulate chemotaxis in tumour cells and thus could serve as potential novel therapeutic targets [134] [135] [136] [137] . The first effort to develop therapeutics specifically targeting the tumour microenvironment resulted in antiangiogenesis therapy. Several VEGF antagonists are now approved by the US Food and Drug Administration 138 and have been shown to increase the survival of patients with metastatic breast and colorectal cancers when combined with standard chemotherapy 139, 140 (Supplementary information S1 (table) ). In addition to targeting VEGF, several compounds targeting chemokines are expected to not only inhibit the migration of tumour cells but also to abolish angiogenesis. For example, CXCR4 is expressed on tumour cells and endothelial cells, and compounds that target this receptor could both inhibit tumour cell migration and angiogenesis. In addition, humanized anti-CXCL8 antibodies inhibited angiogenesis, tumour growth and metastasis in melanoma and bladder cancer xenografts 141, 142 . Neutralization of CCL2 also resulted in reduced metastasis, mainly due to decreased angiogenesis, in breast cancer xenografts 112 . Despite the strong experimental evidence for the involvement of the signalling pathways discussed above in chemotaxis and tumour cell dissemination, the therapeutics actively being developed are engineered primarily with growth and proliferation in mind, and thus they are being tested for their ability to reduce the size and growth of primary and/or secondary tumours. This seems problematic because dissemination and growth are not always linked, and therefore useful information regarding any potential benefit of these drugs in preventing dissemination is missed. One reason that chemotaxis and dissemination are not being directly tested is the lack of relevant therapeutic end points in current clinical practice. We speculate that the new insights coming from research on chemotaxis and dissemination will lead to novel end point markers for the evaluation of therapeutics designed to inhibit the pathways of chemotaxis and dissemination. For example, measuring chemotaxis by novel diagnostic devices in patients, counting circulating tumour cells (CTCs) and counting TMEM occurrences are potential end point markers for chemotaxis-and disseminationdirected therapy. In addition, anti-invasion and antidissemination therapy may require chronic prophylactic treatment of patients after the initial treatment of the primary tumour. In this scenario, the potential drug will have to be well tolerated for use over many years in order to prevent further dissemination from secondary tumour sites. Even in this setting, treatment will probably have to be combined with therapies that target the growth potential of already disseminated minimal residual disease.
It has been argued that because dissemination from the primary tumour can occur early in cancer progression, potentially before clinical presentation 143 , anti-invasion and anti-dissemination therapy may not be a plausible target for cancer therapy, but instead that future therapeutics should target the growth of dormant, already disseminated cells 144 . However, invasion and dissemination can still be clinically relevant targets after resection of the primary tumour, because tumour cells can disseminate from metastatic sites and seed back to the primary tumour site or other metastatic sites 145 . CTCs can be found in the blood of patients years or decades after the removal of their primary tumour 146 , suggesting that secondary deposits of tumour cells in the body of the patient can still regularly invade and disseminate into the blood circulation. Additionally, the number of CTCs in the peripheral blood of patients is prognostic for cancer recurrence and poor survival (for example, , suggesting that these cells are causative for further metastasis. In our opinion, and that of others (for example, REFS 150, 151) , anti-invasion and anti-dissemination therapy can be combined with other therapies to more effectively manage cancer dissemination and subsequent growth. Such treatments will hopefully lead to efficient long-term management of minimal residual disease without relapse or complicating metastases. Both streaming migration and intravasation require macrophages. In the metastatic tumour microenvironment shown, initiation of chemotaxis to epidermal growth factor (EGF) that is supplied by macrophages promotes colony-stimulating factor 1 (CSF1) production by tumour cells. Macrophages chemotax towards CSF1, resulting in relay chemotaxis between the two cell types. Relay chemotaxis results in paracrine-dependent carcinoma cell streaming and transendothelial migration. The close proximity of invasive tumour cells, macrophages and endothelial cells leads to the formation of the tumour microenvironment of metastasis (TMEM; dashed box), which has also been found as an anatomical landmark in tumour tissues from patients with breast cancer 130 . Black arrows indicate the direction of cell migration, grey arrows indicate the gradient direction of chemotactic factors: from the cell that secretes to the cell that responds to the factor. CSF1R, CSF1 receptor; ECM, extracellular matrix; EGFR, EGF receptor.
